ABSTRACT Experimental and commercial preparations of Metarhizium brunneum (Petch) strain F52 were evaluated for control of Japanese beetle, Popillia japonica Newman (Coleoptera: Scarbaeidae), larvae (white grubs) in the laboratory and under field conditions. Experimental preparations consisted of granule and liquid formulations made using in vitro produced microsclerotia, which are intended to produce infective conidial spores after application. These formulations were compared against commercial insecticides (imidacloprid and trichlorfon), and commercial formulations of M. brunneum F52 (Met 52) containing only conidia. Field-collected grubs were susceptible to infection in a dosage-dependent relationship when exposed to potting soil treated with experimental microsclerotia granules in the laboratory. The LC 50 for field-collected larvae was 14.2 mg of granules per cup ($15 g granules/m 2 ). Field plots treated with experimental and commercial formulations of M. brunneum F52 after 10 September (targeting second and third instar grubs) had significantly lower grub densities compared with untreated plots, providing 38.6-69.2% control, which sometimes equaled levels of control with chemical insecticides. Fungal treatments made prior to 21 August provided 14.3-69.3% control, although grub densities resulting from these treatments were often not significantly lower than those in untreated control plots. By comparison, chemical insecticide treatments provide 68-100% grub control, often providing better control when applied earlier in the season. In conclusion, P. japonica larvae are susceptible to infection by M. brunneum, and grub densities were reduced most consistently by fall applications targeting later instars.
during the late summer and fall as damage appears or grub densities reach potentially damaging levels. In the later scenario, the aesthetic threshold for grubs may vary considerably with grub species and growing conditions (Potter and Held 2002) .
Direct human interaction with turf in the urban environment gives cause for additional scrutiny when considering options for grub control. Biological insecticides based on insect pathogenic microbes such as entomopathogenic fungi offer the potential for targeted pest control with minimal environmental and human health hazard. With few exceptions however, microorganisms are not often used to manage soil insect pests (Klein 1988 ) and the high aesthetic standards resulting in low tolerance for damage in cultured turfgrass makes adoption of biological controls particularly challenging. Surveys of scarab larvae in the United States identified several microbial pathogens, of which one was a Metarhizium fungus (Hanula and Andreadis 1988, Redmond and Potter 2010) . Commercial biopesticides based on entomopathogenic fungi such as Metarhizium are available, but their high cost and inconsistent efficacy have hampered their commercial viability. Recent advancement in the in vitro production of fungal agents as a microsclerotium, rather than fungal spores, is expected to result in more cost competitive products, particularly in the case of granule formulations specifically designed for application to soil.
A microsclerotium is a structure consisting of melonized hyphae that naturally forms as a survival structure of the fungus in soil (Coley-Smith and Cooke 1971 , Cooke 1983 . When produced by deep tank fermentation, microsclerotia can be dried and formulated into granules (Behle and Jackson 2014) . When granules hydrate, such as after application to moist soil, microsclrotia produce conidia capable of infecting insect pests. Experimental samples of microsclerotia have been evaluated for their ability to infect arthropod pests including the black-legged tick, Ixoides scapularis Say (Behle et al. 2013 ) and sugar beet root maggot, Tetanops myopaeformis Röder (Jaronski and Jackson 2008, Jackson and Jaronski 2009 ). White grubs infesting urban turf environments represent a logical target for biological control. This research evaluated experimental formulations of Metarhizium microsclerotia for insecticidal activity against turfgrass infesting Japanese beetle larvae under laboratory and field conditions.
Materials and Methods

Preparation
of Metarhizium brunneum Mircosclerotia Granule Formulation. Microsclerotia of Metarhizium brunneum (Petch) strain F52 (ATCC 90448, Novozyme Biologicals, Salem, VA) were produced by liquid fermentation in a 100-liter bioreactor (B. Braun Biotech Inc., Allentown, PA) following culturing techniques described previously (Jackson and Jaronski 2009, Behle and Jackson 2014) . A stock culture of the fungus was first grown in a preculture medium, which was then used to inoculate the 100-liter bioreactor. The preculture medium consisted of a defined basal salts solution containing the following ingredients per liter of deionized water: KH 2 PO 4 , 4.0 g; CaCl 2 Á 2H 2 O, 0.8 g; MgSO 4 Á7H 2 O, 0.6 g; FeSO 4 Á7H2O, 0.1 g; CoCl 2 Á6H 2 O, 37 mg; MnSO 4 ÁH 2 O, 16 mg; ZnSO 4 Á7H 2 O, 14 mg; thiamin, riboflavin, pantothenate, niacin, pyridoxamine, thiotic acid, 500 lg each; and folic acid, biotin, vitamin B12, 50 lg each. The basal salts solution was supplemented with 80 g/liter glucose and 9 g/liter acid hydrolyzed casein (Casamino acids, Difco Laboratories, Detroit, MI). Glucose solutions (20% w/v) were autoclaved separately from the basal salts solution and added prior to inoculation. Hyphal preculture inocula were obtained by growing nine replicate 400 ml liquid cultures in 1-liter baffled Erlenmeyer flasks (#2543-01000, Bellco Glass, Vineland, NJ) using the preculture medium. Precultures were grown for 48 h at 28 C and 300 rpm on a rotary shaker incubator (Innova 4230, New Brunswick Scientific, Edison, NJ). For quality assurance, the fermentation broth was streaked onto nutrient agar plates, incubated for 48 h at 30 C, and visually evaluated for bacterial contamination.
Three liters of hyphal preculture inoculum was used to inoculate the 100-liter bioreactor for microsclerotia production. For this culture medium, the basal salt solution was supplemented with 80 g/liter glucose and 9 g/liter cottonseed meal (Pharmamedia, Trader's Protein, ADM, Decatur, IL). In addition, 10 ml (0.01% v/ v) of an organic, nonsilicone, polypropylene-polyetherbased antifoam (antifoam 204, Sigma Chemical, St Louis, MO) was added prior to autoclaving. All medium components were added and the medium pH adjusted to 5.5 prior to autoclaving. The pH of the culture medium was uncontrolled during the growth of Metarhizium cultures. Fermentation temperature was 28 C and three 15-cm diameter Rushton impellors were used for agitation. The agitation rate was 300 rpm and the aeration rate was 40 liter/min sterile air. Cultures of Metarhizium used for microsclerotial granule formulation were harvested after 4-d growth. Replicate 100-liter fermentations of Metarhizium were conducted to produce fresh microsclerotia-containing biomass annually for field studies. The final 4-d-old fermentation product was expected to contain 3.4 Â 10 7 microsclerotia per liter and 25 g solids/liter.
Two experimental formulations made with microsclerotia were evaluated. A liquid formulation consisted of mixing the final fermentation product with glycerol at a 1:1 ratio (w/w). To produce a granule formulation, each liter of fermentation product was filtered through Whatman #54 filter paper (GE Healthcare UK Limited, Buckinghamshire, United Kingdom) and the filter solids were mixed with 25 g montmorillonite clay (K-10, Sigma-Aldrich, St. Louis, MO) in a kitchen mixer (Kitchen-Aid, St. Joseph, MI). This fungus Â clay mixture was formed into granules through a 0.8-mm-diameter die using a bench top granulator (LCI Corp., Charlotte, NC). Granulated product was spread over baking sheets and allowed to air dry overnight under a fume hood, passed through a number 20 sieve (0.85 mm), then stored in 50-ml conical tubes under refrigeration. Each liter of formulation broth was expected to produce 50 g of dry granular product.
Water activity of the dried granules, measured by an Aqua Lab Model Series 3 (Decagon Devices, Inc., Pullman, WA), was less than 0.09. Two commercial products, Met 52 EC and Met 52 G (Novozymes Biologicals Inc., Salem, VA), were evaluated for direct comparison with the experimental liquid suspension (L) and granule (G) formulations.
Laboratory Experiments. Verifying Granule Viability. Viability of experimental granules was based on conidia production under laboratory conditions. Granules (0.1 g) were sprinkled over 2% agar in a petri dish. Plated granules were incubated (Innova 4230 refrigerated incubator shaker, New Brunswick Scientific) in the dark at 28 C for 7 d to allow time for maximum conidia production. After incubation, conidia were removed from the agar by scraping, followed by three rinses dilute Tween 20 (0.4 g/liter, polyoxyethylenesorbitan monolurate, SigmaAldrich). The volume of rinse was measured and the concentration of conidia in the rinse was determined using a hemacytometer (Brightline Hemacytometer, Hausser Scientific, Horsham, PA). The rinse volume and conidia concentration were used to calculate the number of spores produced per gram of granules. A minimum of three plates were used for each sample of granules, which were expected to produce > 5 Â 10 9 conidia per gram granules under these optimal conditions.
Laboratory Infectivity of Field-Collected Insects. Dosage response mortality experiments were used to evaluate insecticidal activity of M. brunneum against Japanese beetle larvae which were field collected from grown turf grass in October 2014, at Peoria, IL, and identified to species based on their raster pattern (Shetlar and Andon 2012) . For this experiment, 2 g potting soil, 2 ml water, and 1 corn seed (Zea mays L.) were added to each of 150 plastic cups (Solo T125, Highland Park, IL), divided in 5 trays of 30 cups each. Experimental clay granules were applied at 62.5, 12.5, 2.5, and 0.5 mg per cup and expected to provide 2.2 Â 10 , and 1.8 Â 10 6 conidia per cup, respectively. Granules were applied immediately after placing soil in the cups and incubated at 25 C for 7 d to allow time for conidia production and seed germination. One tray of cups remained untreated to assess untreated insect mortality. After incubation, one grub was placed in each cup, trays of cups were enclosed in plastic bags to minimize drying, and all were incubated in darkness at 25 C. Larvae were observed for mortality at 7, 10, 14, 17, and 21 d after exposure in treated cups. Dead larvae were removed when observed, and all larvae were removed after 21 d. Cups were then refrigerated until assessed for conidia and colony forming units (CFU) concentrations. Insect mortality at 21 d after exposure was subjected to probit analysis (PoloPlus, LeOra Software, Petalua, CA) to determine dosage response parameters.
The concentration of conidia in each cup was determined by hemacytometer counts. Soil in each cup was mixed with 20 ml Tween 20 solution (0.4 g/liter) by vortexing for about 30 s. Liquid was loaded directly on the hemacytometer for quantifying the Metarhizium conidia, based on morphological characteristics of the spores. Fungus viability was further assessed by plating the same samples on selective agar. Selective agar was modified from Fernandes et al. (2010) C, data not included), conidia production from microsclerotia granules was evaluated when incubated at elevated temperature. Methods followed those procedures describe previously for verifying granule viability by plating on water agar except that incubation time was 8 d and incubation temperatures were varied. Granules plated on agar plates were incubated at constant temperatures of 25, 30, 35, and 40 C. This experiment was repeated for a total of six plates exposed to each temperature (n ¼ 6). A subsequent experiment was conducted to evaluate fluctuating temperature treatments consisting of 4.5 h at 40 C and 19.5 h at 25 C for 1, 2, 3, and 4 consecutive days followed by incubation at constant 25 C for the remainder of the 8 d (n ¼ 3). Then, the number of spores produced per gram of granules was determined for each treatment.
Field Experiments. Field experiments to evaluate biopesticide treatments for control of Japanese beetle larvae were conducted over three consecutive years at Purdue University (West Lafayette, IN). Turfgrass in plots consisted primarily of Kentucky bluegrass, Poa pratensis L., maintained at 7.6 cm. Plots measuring 2.32 m 2 were arranged in a randomized complete-block design with 0.46-m alleys between plots to minimize opportunities for cross contamination among treatments. Each treatment was replicated four times. Granules were applied using shaker jars and liquid treatments were applied using a hand-operated boom sprayer calibrated to deliver a spray volume of 81 ml/m 2 . Plots were irrigated (2 cm) immediately after application. A standard insecticide and untreated control were included in the design each year. The chemical standards were selected based on proven efficacy against the targeted larval instar(s).
White grub infestations were created by driving three, 20.3-cm (8 inch)-diameter pvc cylinders about 5 cm deep into the soil within each plot along its August 2015 BEHLE ET AL.: CONTROLLING WHITE GRUBS WITH Metarhizium brunneummidline and caging two separate groups of 40 Japanese beetle adults (50:50 sex ratio) within each cylinder at 2-wk intervals during July. During each caging interval, an apple wedge was provided a source of food and moisture for the beetles. Adult beetles were collected for this purpose using green and yellow Trécé JB traps (Trécé Inc., Adair, OK) baited with a floral lure (1:2:1, geraniol:eugenol:phenethyl propionate). Beetles were contained within the cylinders using nylon window screening held in place with a plastic snap cap lid with the center cut out to allow free exchange of water and air with the outside environment. Timing of all applications was based on tracking oviposition and larval development in auxiliary plots where adults were caged at the same time and in the same manner as described above. Populations of surviving larvae in each plot were assessed in late September or early October of each season by using a sod cutter to remove a strip of sod lying directly beneath the caging area of each plot and examining the soil to a depth of 7.6 cm (total surface area evaluated per plot ¼ 0.28 m 2 ). The species identity of grubs was confirmed based on the conformation of the raster pattern. Variation in the density of P. japonica larvae (larvae per m 2 ) was analyzed using main effects ANOVA. A priori hypotheses about the influence of application timing, formulation (granule vs. liquid), and product type (Metarhizium vs. chemical) were examined by specifying appropriate orthogonal contrasts. Further a posteriori means separation exploring variation between individual treatments was conducted using Fisher's lease significant difference test (a ¼ 0.05). Statistical analyses were performed using Statistica 12 (Statsoft Inc., 2013, Tulsa, OK) .
2012. The first field experiment established the potential for control of Japanese beetle larvae by the application of Metarhizium as microsclerotia granules or liquid when applied on either of two different dates; 2 August to target first and early second instars, and 21 September to target second and third instars. 2014. The third field experiment evaluated the same fungal treatments applied in 2013, but was designed to assess the efficacy of these treatments when applied at one of three different points in the annual life cycle of P. japonica. Treatments were applied on 1 August, 21 August, or 10 September to coincide with peak oviposition, first and second instars, or second and third instars, respectively. Each plot received only one application. Fungal treatments included: microscleriotia granules, microsclerotia liquid, Met 52 G, and Met 52 EC. Merit 0.2 G (Bayer Environmental Science) (imidacloprid) served as the chemical insecticide standard. The density of surviving grubs in each plot was determined on 1 October 2014.
Results
Field collected larvae of Japanese beetle exhibited a dosage response to potting soil treated with clay-based granules containing Metarhizium microsclerotia (Table 1 ). Probit analysis of larval mortality for the 21-d evaluation calculated the LC 50 at 14.2 mg granules per cup (0.95 CI limits ¼ 2.2-27.2 mg granules per cup, X 2 ¼ 1.16, df ¼ 2, heterogeneity ¼ 0.58). Based on experience with microsclerotia granules, we estimate conidia production at 3.5 Â 10 9 conidia per gram of granules when applied to potting soil in this assay. Conidia counts represented about 70% of the expected concentrations of conidia for the two higher application rates and were about 50% of the expected concentrations for the two lower rates of granules applied to cups. Paired comparisons between conidia counts and CFU determinations on a cup basis were significantly different (T-test, P ¼ 0.0004) even though the data were highly correlated (0.90 correlation coefficient) for the 120 treated cups. Given the area of soil surface in the cup (9.6 cm 2 ), the LC 50 calculates to an application rate of 14.8 g/m 2 . This value compares closely to the highest label rate for application of Met52 G to turf grass at 3 pounds per 1,000 ft 2 ( ¼ 14.7 g granules/m 2 ). Constant high temperatures reduced the ability of microsclerotia granules to produce conidia (Fig. 1) . Based on our experience, we expect granules exposed to favorable growing conditions (25 C temperatures on water agar) to produce near 5 Â 10 9 conidia per gram granules. The number of conidia produced for granules Table 1 . Treatment rate, conidia production, CFU, and mortality (% after 21 d) of Japanese beetle larvae exposed to potting soil treated with clay-based granules made with microsclerotia (n ¼ 30) exposed to a constant temperature of 25 C was 4.6 Â 10 9 conidia per gram and was significantly more than conidia produced at the higher temperatures (F ¼ 135.1, df ¼ 3, 20; P < 0.0001) (Fig. 1) . However, granules exposed to 1-4 d of fluctuating temperatures (Fig. 2) produced more conidia than lower constant temperatures ( > 1.11 Â 10 10 conidia per gram granules) with the only significant difference between samples exposed for 2 and 4 d (F ¼ 4.71, df ¼ 3, 11; P < 0.0354). These results show that continuous high temperatures are harmful to the fungus growth, but that simply reaching elevated temperatures, as with a daily cycle, had less impact on production of conidia by microsclerotia granules.
2012 Field Experiment. During the first field season, Japanese beetle larval densities varied significantly among the treatments (F ¼ 9.9; df ¼ 8, 27; P < 0.0001) with plots receiving either the chemical insecticide imidacloprid (T ¼ 8.4; df ¼ 1; P < 0.0001) or Metarhizium (T ¼ 5.7; df ¼ 1; P < 0.0001) having significantly lower larval densities compared with the untreated control ( Table 2) . Japanese beetle larval density did not vary significantly between plots treated with Metarhizium microsclerotia versus conidia (T ¼ À 0.29; df ¼ 1; P ¼ 0.77), and neither formulation (granule vs. liquid: T ¼ 1.1; df ¼ 1; P ¼ 0.27) nor application date (T ¼ À 1.7; df ¼ 1; P ¼ 0.098) had a significant influence on the efficacy of Metarhizium microsclerotia treatments. Japanese beetle larval densities in plots receiving imidacloprid were significantly lower than in plots receiving Metarhizium microsclerotia regardless of application date (August: T ¼ 3.3; df ¼ 1; P ¼ 0.003, September: T ¼ 3.2; df ¼ 1; P ¼ 0.003).
2013 Field Experiment. During the second field season, Japanese beetle larval density varied significantly among the treatments (F ¼ 4.5; df ¼ 5, 18; P < 0.0001) with plots receiving either the chemical insecticide trichlorfon (T ¼ 4.4; df ¼ 1; P ¼ 0.0003) or Metarhizium (T ¼ 3.8; df ¼ 1; P ¼ 0.001) having significantly lower larval densities compared with the untreated control (Table 3) . Japanese beetle larval density did not vary significantly between plots treated with Metarhizium microsclerotia versus conidia (T ¼ À0.94; df ¼ 1; P ¼ 0.36). The density of Japanese beetle larvae in plots receiving a single application of trichlorfon was similar to the larval density in plots receiving a sequential application of Metarhizium (T ¼ 1.7; df ¼ 1; P ¼ 0.1).
2014 Field Experiment. Japanese beetle larval density varied significantly among the treatments (F ¼ 4.5; df ¼ 5, 18; P < 0.0001) with treated plots having significantly lower larval densities than the untreated control (T ¼ 2.7; df ¼ 1; P ¼ 0.007) ( Table 4) . There was no significant difference in the efficacy of liquid versus granular formulations of Metarhizium on any application date (1 August: T ¼ 0.17; df ¼ 1; P ¼ 0.87, 21 August: T ¼ À0.08; df ¼ 1; P ¼ 0.93, 10 September: T ¼ À0.13; df ¼ 1; P ¼ 0.9) and microsclerotia and conidia formulations of Metarhizium performed equally well on all application dates (1 August: Plots were located at Purdue University in West Lafayette, IN and were evaluated on 8 October 2012. G, granule; L, liquid suspension; F, flowable. Japanese beetle larval densities followed by the same letter are not significantly different (Fisher's LSD, a ¼ 0.05).
a Application dates coincide with the presence of first and second instars (2 Aug.) or second and third instars (21 Sept.) in soil. Plots were located at Purdue University in West Lafayette, IN and were evaluated on 26 Sept. 2013. G, granule; L, liquid suspension; EC, emulsifiable concentrate. Japanese beetle larval densities followed by the same letter are not significantly different (Fisher's LSD, a ¼ 0.05).
a Application dates coincide with the presence of first and second instars (2 Aug.) or second and third instars (21 Sept.) in soil.
August 2015 BEHLE ET AL.: CONTROLLING WHITE GRUBS WITH Metarhizium brunneumP ¼ 0.1). Application of Metarhizium formulations in September targeting second and third instars outperformed August applications targeting first and second instars (T ¼ 2.7; df ¼ 1; P ¼ 0.01). Application date had no significant influence on the efficacy of imidacloprid (F 1.7; df ¼ 1; P ! 0.2). Although imidacloprid significantly outperformed the Metarhizium formulations when applied on 1 August (T ¼ À3.4; df ¼ 1; P ¼ 0.001) or 21 August (T ¼ À3.7; df ¼ 1; P ¼ 0.0006), there was no significant difference in efficacy between imidacloprid and Metarhizium when applied on 10 September (T ¼ À0.5; df ¼ 1; P ¼ 0.59).
Discussion
Laboratory experiments confirmed that Japanese beetle larvae are susceptible to infection by Metarhizium strain F52 in a dosage-dependent relationship. Our use of microsclerotia as the active agent represents technological progress from studies reported by Krueger et al. (1992) who reported that mycelia particles applied to soil resulted in faster mortality of Japanese beetle larvae when compared with applications of conidia. Further, they reported that larger particles (>250 mm diameter applied at 7.5 mg dried myclia/g soil for an expected titer of 1.54 Â 10 7 CFU/g soil) resulted in higher fungal titers than smaller size fractions applied to treated soil under greenhouse conditions. Despite differences in techniques used, our results were remarkably similar when considering that the microsclerotia granule treatment (12.5 mg per cup) nearest the calculated LC 50 of 14.2 mg per cup produced a titer of 2.40 Â 10 7 CFU per cup. Given that each cup contained 2 g soil and the granule formulation consisted of 50% clay, this treatment was equal to 3.125 mg fungus/g soil providing 1.2 Â 10 7 CFU/g soil. Unfortunately, we were not able to identify fungal titer levels in soil from field-treated plots (R.W.B., unpublished data).
Larval densities in turfgrass plots were reduced by applications of Metarhizium strain F52 as demonstrated by significant reductions in grub densities during three consecutive years of field experiments. Ramoutar et al. (2010) reported no control of Japanese beetle larvae with liquid applications of Metarhizium, but up to 50% control with a granule formulation. Although some individual fungal treatments among our experiments did not significantly reduce pest densities, the fungal treatments over 3 yr averaged near 50% reduction in larval density compared with control plots. Late fall treatments in mid-September to target larger larvae provided more consistent grub control when compared with applications in early August that targeted smaller larvae. This observation tends to counter the more typical hypothesis that younger/smaller immature insects are more susceptible to biological control agents (Yokoyama et al. 1998) . Our experiments did not directly evaluate this hypothesis because numerous environmental factors likely influenced fungal growth (Lanza et al. 2009 , Garrido-Jurado et al. 2011 ) and subsequent levels of larval exposures to the fungus in field plots. Improved control of larger larvae, as we observed, may be a result of favorable environmental conditions (soil temperatures and/or availability of moisture) for the late season application that supports growth and survival of the fungus. Krueger et al. (1991) demonstrated the impact of environmental temperature and moisture in that Japanese beetle larvae exposed to Metarhizium in soil at 27 C and 11% water content had faster mortality compared with larvae exposed in soil at 21 C and 17.5% moisture. Behavior of the larger grubs during later season could contribute to better grub control if larger grubs feed closer to the soil surface or are more active than small grubs, resulting in a greater probability of contact with fungal spores to initiate infection. An alternative explanation could be that the fungal treatments repelled the larvae out of the sample area (Villani et al. 1994 ) rather than causing mortality. Still, the combination of reduced numbers of larvae in treated field plots and insecticidal activity in laboratory assays demonstrates the potential of Metarhizium as a nonchemical applications to reduce damage by Japanese beetle larvae to turf grass in situations where chemical insecticides are not wanted or not allowed as a control option.
Microsclrotia granules may offer an advantage over current commercial biopesticides made with conidia by having a lower production cost. Media ingredients for microsclerotial production have been estimated at about $0.10/liter, which will provide about 25 g dried fungal "active agent." Our clay-based formulation adds an equal weight of inert ingredients (clay estimated bulk price of $200/metric ton). Production of 1 kg microsclerotia granules would cost about $2.10/kg, $0.10 for 500 g clay, and $2.00 for the media to produce 500 g dry microsclerotia. To compare with the commercial products, Met 52 G ($75/kg) will treat 1,000 ft 2 and Met 52 EC ($100/liter) will treat 10,600 ft 2 . Obviously, August 2015 BEHLE ET AL.: CONTROLLING WHITE GRUBS WITH Metarhizium brunneumadditional inputs such as overhead, labor, equipment, packaging, registration, etc. would contribute additional costs to a final product based on microsclerotia granules. Still, production of microsclerotia granules takes advantage of liquid fermentation benefits resulting in reduced cost per unit as production quantities increase, which is a benefit of fermentation production, but not associated with solid substrate production of entomopathogenic fungi on grain. Scale-up advantages for fermentation production include use of existing commercial equipment, closer control of environmental variables, and shorter process time (Jaronski 2014) . Mass production for most entompathogenic fungi uses solid-substrate fermentation on cereal grain to form aerial conidia (Bartlett and Jaronski 1988) . However, solid-substrate fermentation is labor intensive, has a high risk of contamination, and is difficult to practice at the large scale needed for agriculture (Jackson 1997 , Jackson et al. 2010 , Jaronski 2014 ). These data demonstrate the potential for control of white grubs in turf using fungal-based applications. We further demonstrate that current commercial products and experimental products based on newer technologies were effective. These data support the use of Metarhizium biopesticides specifically for control of Japanese beetle, and suggest a more general potential to include additional grubs species in this pest complex. We believe that expanding potential markets by identifying suitable target pests will support development of mycoinsecticides in general and lead to regular use of biopesticides for biological control of insect pests.
